Hair cells in mouse cochlear cultures are selectively labeled by brief exposure to FM1-43, a styryl dye used to study endocytosis and exocytosis. Real-time confocal microscopy indicates that dye entry is rapid and via the apical surface. Cooling to 4°C and high extracellular calcium both reduce dye loading. Pretreatment with EGTA, a condition that breaks tip links and prevents mechanotransducer channel gating, abolishes subsequent dye loading in the presence of calcium. Dye loading recovers after calcium chelation with a time course similar to that described for tip-link regeneration. Myo7a mutant hair cells, which can transduce but have all mechanotransducer channels normally closed at rest, do not label with FM1-43 unless the bundles are stimulated by large excitatory stimuli. Extracellular perfusion of FM1-43 reversibly blocks mechanotransduction with half-blocking concentrations in the low micromolar range. The block is reduced by high extracellular calcium and is voltage dependent, decreasing at extreme positive and negative potentials, indicating that FM1-43 behaves as a permeant blocker of the mechanotransducer channel. The time course for the relief of block after voltage steps to extreme potentials further suggests that FM1-43 competes with other cations for binding sites within the pore of the channel. FM1-43 does not block the transducer channel from the intracellular side at concentrations that would cause complete block when applied extracellularly. Calcium chelation and FM1-43 both reduce the ototoxic effects of the aminoglycoside antibiotic neomycin sulfate, suggesting that FM1-43 and aminoglycosides enter hair cells via the same pathway.
Hair cells in mouse cochlear cultures are selectively labeled by brief exposure to FM1-43, a styryl dye used to study endocytosis and exocytosis. Real-time confocal microscopy indicates that dye entry is rapid and via the apical surface. Cooling to 4°C and high extracellular calcium both reduce dye loading. Pretreatment with EGTA, a condition that breaks tip links and prevents mechanotransducer channel gating, abolishes subsequent dye loading in the presence of calcium. Dye loading recovers after calcium chelation with a time course similar to that described for tip-link regeneration. Myo7a mutant hair cells, which can transduce but have all mechanotransducer channels normally closed at rest, do not label with FM1-43 unless the bundles are stimulated by large excitatory stimuli. Extracellular perfusion of FM1-43 reversibly blocks mechanotransduction with half-blocking concentrations in the low micromolar range. The block is reduced by high extracellular calcium and is voltage dependent, decreasing at extreme positive and negative potentials, indicating that FM1-43 behaves as a permeant blocker of the mechanotransducer channel. The time course for the relief of block after voltage steps to extreme potentials further suggests that FM1-43 competes with other cations for binding sites within the pore of the channel. FM1-43 does not block the transducer channel from the intracellular side at concentrations that would cause complete block when applied extracellularly. Calcium chelation and FM1-43 both reduce the ototoxic effects of the aminoglycoside antibiotic neomycin sulfate, suggesting that FM1-43 and aminoglycosides enter hair cells via the same pathway.
Key words: hair cell; cochlea; mechanotransduction; ion channel; endocytosis; aminoglycosides; myosin VIIA; Sensory hair cells are polarized neuroepithelial cells of the inner ear. They have an apical surface specialized for the reception and transduction of stimuli and a basolateral surface specialized for a number of different functions, including the release of neurotransmitter. Electron microscopic studies (Forge and Richardson, 1993; Hasson et al., 1997; Kachar et al., 1997; Richardson et al., 1997; Seiler and Nicolson, 1999) have provided evidence for a large pool of vesicles, many of which are part of an endocytotic pathway, lying just below the apical surface of the hair cell. The function of this pathway is unknown, although membrane turnover is likely to play an important role in the assembly and maintenance of the mechanotransduction apparatus of the hair cell.
The amphipathic styryl dye FM1-43 has become a key tool for investigating endocytosis and exocytosis Betz et al., , 1996 Cochilla et al., 1999) . The dye has a divalent cationic head group and a lipophilic tail, and it reversibly partitions into the outer leaflet of the cell membrane. FM1-43 fluoresces weakly in an aqueous environment, and its quantum yield increases by two orders of magnitude on intercalation in the lipid membrane (Betz et al., 1996) . In most cells, FM1-43 is unable to penetrate the lipid bilayer (Betz et al., 1996; Cochilla et al., 1999) and is internalized as a result of endocytosis. Recent evidence from Xenopus (Nishikawa and Sasaki, 1996) , zebrafish larvae (Seiler and Nicolson, 1999) , and the bullfrog sacculus (Gale et al., 2000) has shown that sensory hair cells can be selectively labeled by FM1-43. In Xenopus, mechanotransducer channel blockers and a high concentration of divalent cations were reported to inhibit dye labeling, and electron microscopy indicated that the mitochondria and endoplasmic reticulum of the hair cells were primarily labeled. These observations led to the suggestion that the dye enters via the mechanotransduction channel (Nishikawa and Sasaki, 1996) . In zebrafish, FM1-43 labeling of hair cells was found to be both calcium and calmodulin dependent, leading to the conclusion that dye entry was via a rapid apical endocytotic pathway (Seiler and Nicolson, 1999) .
Eight zebrafish circler mutants have been described with defects in sensory hair-cell function, including mechanotransduction (Nicolson et al., 1998) . In five of these mutants, the internalization of FM1-43 by hair cells is defective, suggesting that dye uptake is closely linked to transduction (Seiler and Nicolson, 1999) . The hair cells in these mutants also show reduced sensitivity to the ototoxic aminoglycoside antibiotics. One of these mutants, mariner, has mutations in the myosin VIIA gene (Ernest et al., 2000) . Myosin VIIA is required for aminoglycoside accumulation in mouse cochlear hair cells (Richardson et al., 1997) . Little is known about FM1-43 dye loading in mammalian auditory hair cells or whether it is defective in mouse Myo7a mutants. We therefore characterized the mechanism of FM1-43 dye entry in mouse cochlear hair cells. The results indicate that FM1-43 behaves as a permeant blocker of the mechanotransducer channel.
Dye entry in Myo7a mutant hair cells fails because the transducer channels are all closed at rest.
MATERIALS AND METHODS

Culture preparation. Cochlear cultures from CD1, Myo7a
6J
, and Myo7a 4626SB mice were prepared as described previously (Richardson and Russell, 1991) . In brief, cochleas were dissected from 1-2 d postnatal (P) pups in HEPES-buffered (10 mM, pH 7.2) HBSS (HBHBSS), placed onto collagencoated glass coverslips, fed one drop of complete medium (10% horse serum, 90% Eagle's MEM in Earle's salt solution with an additional 10 mM HEPES, pH 7.2), sealed into Maximow slide assemblies, and maintained at 37°C for 1-3 d. Mutant mouse pups were obtained from crosses between heterozygous female and homozygous male mice carrying either the Myo7a 6J or the Myo7a 4626SB mutations. All offspring therefore were either heterozygous or homozygous, and cultures prepared from the homozygous mutants were readily distinguished from those prepared from heterozygous animals on the basis of hair bundle morphology, as observed by differential interference contrast (DIC) microscopy.
Dye labeling procedures. Stock solutions of 3 mM FM1-43 [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridiniumdibromide; Molecular Probes, Eugene, OR; MW 611 as the dibromide salt, 451 for the cation] were dissolved in either DMSO or water. For testing high intracellular concentrations of FM1-43, a 10 mM stock solution was prepared in water. Some experiments were conducted with the larger FM1-43 analog, FM3-25 [N-(3-triethylammoniumpropyl)-4-(4-(dioctadecylamino)styryl) pyridinium di-4-chlorobenzenesulfonate; Molecular Probes; MW 1226 as the dichlorobenzenesulfonate salt, 843 for the cation]. For this molecule, stock solutions of 3 mM were dissolved in DMSO. T wo methods were used to study FM1-43 dye labeling: bath application or local perf usion. For bath application, the coverslips with adherent cultures were removed from the Maximow slide assemblies and transferred through a series of Columbia staining jars, each containing 8 ml of solution. Unless stated otherwise, all experiments were performed at room temperature (20 -23°C). The coverslips were first immersed in HBHBSS for 15 min, transferred to HBHBSS containing 3 M FM1-43 for 10 sec, and immediately washed three times (10 sec each wash) in HBHBSS. The coverslips were then placed in a glass-bottomed Perspex chamber containing 1.5 ml HBHBSS and viewed with an upright microscope equipped with epifluorescence optics and FI TC filters (excitation 488 nm, emission 520 nm) using 10ϫ dry and 40ϫ water immersion lenses. Images were captured from live cultures at fixed time points after dye application, either on 35 mm film (Kodak Tri-X film rated at 1600 ASA) or using a 12-bit cooled charge-coupled device (CCD) camera (SPOT-JN R, Diagnostics Inc.). When testing the effects of elevated extracellular calcium and EGTA, these were included in the initial 15 min preincubation bath, in the FM1-43 dye solution itself, and in the first two washes after incubation with the dye, unless indicated otherwise. E xperiments at 4°C were performed in a cold room to ensure accurate temperature control. All experiments reported were performed on a minimum of three separate cultures, each of which usually contained two apical and two basal-coil explants. The total numbers of apical and basal-coil explants examined for each experimental condition are provided in Results, in the reference to the appropriate Figure part .
For local perf usion of FM1-43, the coverslips were placed directly in the glass-bottomed Perspex chamber after removal from the Maximow slides, covered with HBHBSS, and transferred to the microscope stage. The bath chamber was then continuously perf used with HBHBSS, and 3 or 6 M FM1-43 was applied to the apical surfaces of hair cells using micropipettes with a 2-4 m internal tip diameter that were connected to a picospritzer.
EGTA recover y e xperiments. C alcium-free HBHBSS with EGTA was prepared from 10ϫ calcium /magnesium-free HBSS by the addition of (in mM): 0.5 MgC l 2 , 0.4 MgSO 4 , 5 EGTA or 5 BAP TA, and 10 H EPES, pH 7.2. Cultures were incubated in either HBHBSS or HBHBSS containing 5 mM EGTA for 15 min, washed twice in HBHBSS (1 min each wash), returned to the Maximow slide assemblies, fed one drop of complete medium (ϳ50 l), and placed at 37°C for 1, 4, 8, or 24 hr. At the selected time points the cultures were labeled with FM1-43 dye using the bath application method described above.
Confocal microscopy. Confocal images were captured using a Bio-Rad MRC600 laser scanning confocal microscope. Images were captured as rapidly as possible using custom-written macro subroutines. T wo different sets of images were obtained. First, stacks of images were obtained at two or three different focal planes (Z stacks) over a 60 sec period. The sampling intervals between stacks were 2.9 (for two levels) and 5 sec (for three levels). Second, images were obtained at a single focal plane 7-10 m below the apical surface of the hair cell, with an interval of 0.875 sec between frames (i.e., a sampling rate of 1.15 Hz). All confocal experiments were performed at 25-28°C.
Quantitation of FM1-43 loading. The fluorescence intensity histograms of images obtained using the cooled CCD camera were checked to confirm that the dynamic range of the camera was not saturated. A 70 ϫ 700 pixel region (ϳ11 ϫ 110 m) was selected that covered the row of hair cells of interest, and the average fluorescence intensity was measured using Adobe Photoshop or the image analysis package L ucida (K inetic Imaging). Nonspecific background fluorescence in the unlabeled area lateral to the outer hair cells was measured and subtracted from the signal to give a value for the intensity of fluorescence in arbitrary units equivalent to the amount of FM1-43 loading. The camera acquisition parameters were fixed for all experiments, allowing comparison between time-matched experiments. In addition, time-matched controls were performed for all experiments in which pharmacological treatments were applied.
Confocal images were quantified in the same way except that fluorescence intensity was measured from hair bundles or cytoplasmic regions of single hair cells. The change in fluorescence from the resting level was calculated by subtracting the average fluorescence intensity from the hair-cell region before local perf usion of FM1-43. Any changes in the background fluorescence over the period of the experiment were monitored to confirm the viability of experiments. The data were fitted with a sigmoidal f unction using the nonlinear curve fitting f unction in Origin (OriginLab).
Recordings of mechano-electrical transduction currents. Cochleas were acutely isolated from CD1 mice, aged P5-P7, and immobilized under a nylon mesh. Mechano-electrical transducer currents were elicited in apical-coil outer hair cells using fluid-jet stimulation (45 Hz sine waves or steps filtered at 1 kHz unless specified otherwise) and recorded under whole-cell voltage clamp (H EK A EPC7 or EPC8) as described previously (Kros et al., 1992) . Mechanical steps filtered at 1 kHz were sigmoidal but could be approximately fitted with a time constant of 140 sec. Membrane capacitance (C m ) was 6.11 Ϯ 0.05 pF, and series resistance after electronic compensation of up to 50% (R s ) was 5.20 Ϯ 0.17 M⍀, resulting in voltage-clamp time constants of 31.8 Ϯ 1.1 sec (n ϭ 59). E xtracellular solutions were bath applied at a rate of 6 ml / hr and contained (in mM): 135 NaC l, 5.8 KC l, 1.3 C aC l 2 , 0.9 MgC l 2 , 0.7 NaH 2 PO 4 , 2 Na-pyruvate, 5.6 D-glucose, and 10 H EPES. Amino acids and vitamins for Eagle's M EM were added from concentrates (Life Technologies). The pH was adjusted to 7.5 with 1 M NaOH. Intracellular solutions contained (in mM): 147 C sC l, 2.5 MgC l 2 , 1 EGTA, 2.5 Na 2 ATP, 5 H EPES; pH adjusted to 7.3 with 1 M C sOH. Hair cells were locally superf used with FM1-43 added to the extracellular solution at concentrations ranging from 0.3 to 20 M, or with FM3-25 at 6 or 30 M through a pipette with a tip diameter of ϳ200 m. In some experiments, calcium in the superf usion solution was reduced to 100 M or increased to 5 or 10 mM, and magnesium was omitted. For every solution change, the fluid jet used for stimulating the hair bundles was filled with the new solution by suction through its tip to prevent dilution of the superf usate around the hair bundle during stimulation. Intracellular effects of FM1-43 were tested by its inclusion in the patch pipette (up to 200 M). All membrane potentials were corrected for a Ϫ4 mV liquid junction potential between pipette and bath solutions but not for any voltage drop (in most cases Ͻ5 mV at extreme potentials) across the residual series resistance. All experiments were conducted at room temperature (22-25°C).
All means given in text and Figures are expressed Ϯ SEM. Statistical analyses were performed using t tests or one-or two-way ANOVA as appropriate. The criterion for statistical significance was set at p Ͻ 0.05.
Fluid-jet stimulation of Myo7a mutant hair cells in the presence of FM1-43. Cochlear cultures from homozygous Myo7a 4626SB mice were locally superf used with 3 M FM1-43, and then individual hair cells were stimulated using the fluid-jet described above. In these experiments, large, alternating excitatory and inhibitory step stimuli of 2 sec duration were applied over 60 sec such that the total excitatory stimulus duration amounted to 16 sec. Fluorescence images were captured before and after stimulation using the cooled CCD camera with a fixed exposure time of 2 sec.
Scanning electron microscopy. The following experimental procedures were performed at room temperature using cultures from 1-to 2-d-old mice that had been maintained in vitro for 1 d. To test the effects of calcium chelation on the response of hair cells to the ototoxic aminogly-coside antibiotic neomycin sulfate, cultures were washed twice (5 min each wash) with either 2 ml of HBHBSS or 2 ml of calcium-free HBSS containing 5 mM BAP TA and returned to HBHBSS containing normal levels of extracellular calcium (1.3 mM). Half of the cultures from each group (HBHBSS or BAP TA-treated) were then incubated in HBHBSS for 1 hr, and the other half were incubated in HBHBSS containing 1 mM neomycin sulfate, also for 1 hr. To test the effects of FM1-43 dye on hair cells and the response of hair cells to neomycin exposure in the presence of FM1-43, cultures were incubated in either HBHBSS or HBHBSS containing 3 or 30 M FM1-43 for 10 min. Neomycin sulfate was then added to a concentration of 1 mM to half of the cultures from each of the three groups 3 and 30 M) , and the cultures were f urther incubated for 1 hr. After the end of the treatment period, cultures were washed once in HBHBSS, fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, containing 4 mM CaCl 2 for 1 hr, washed three times in 0.1 M sodium cacodylate buffer, and post-fixed in 1% osmium tetroxide. After osmication, cultures were dehydrated through a series of ascending concentrations of ethanol, critical point dried from liquid C O 2 , mounted on stubs, sputter coated with gold, and viewed in a Leica Leo S420 scanning electron microscope. For the BAP TA pretreatment experiments, a minimum of three basal-coil explants and four apical-coil explants were examined in each of the four conditions. For the experiments with FM1-43, a minimum of four basal and four apical-coil explants were examined in each of the six conditions.
RESULTS
Characteristics of FM1-43 loading in cochlear cultures
A 10 sec bath application of FM1-43 results in the selective labeling of inner and outer hair cells in organotypic cultures of the mouse cochlea ( Fig. 1 A, B) . Little or no dye labeling is observed in the supporting cells immediately surrounding the hair cells, in the cellular outgrowth zone lying peripheral to the bands of hair cells, or in the cells of the greater epithelial ridge that are located adjacent to the inner hair cells. FM1-43 dye labeling is also observed, but to a much lesser extent, in cells located within the central modiolar core of the culture where the spiral ganglion neurons innervating the hair cells are located. The dye-loading properties of the cells in this latter location were not investigated further. Hair cells in basal-coil cochlear cultures ( Fig. 1 A, C) load more dye than those in apical-coil cultures ( Fig.  1 B , D,E) . Within apical coils a gradient of FM1-43 labeling is observed ( Fig. 1 B) , with hair cells at the basal end of the coil (Fig.  1 D) labeling most intensely and those at the extreme apex of the apical coil labeling the least (Fig. 1 E) . This gradient of labeling shifts with the age of the cultures so that hair cells located more apically begin to label more intensely in older cultures. After 3 d in vitro, expression is more homogenous along the length of apical-coil cultures (data not shown), presumably reflecting maturation of the hair cells. However, in cultures up to the equivalent of postnatal day 4 (the oldest tested), hair cells in basal-coil cultures are always more strongly labeled than those from the apical coil. Dye loading by hair cells was quantified in five apicaland five basal-coil cultures. The average measured fluorescence intensity in hair cells in basal-coil cultures is twice that measured in hair cells at the basal end of the apical coil. Labeling of the outer hair cells is three times greater than that of inner hair cells in both basal and apical coils. The pattern of labeling appears qualitatively similar in the two cell types.
Time course and site of FM1-43 loading
Confocal microscopy combined with local perfusion of the apical surface of hair cells revealed the site of entry and the time course of FM1-43 loading. Consecutive optical sections were imaged at three focal levels (Z-planes) in time (T) to form a depth and time (ZT) series ( Fig. 2 A, B) . Focal planes were 7.5 m apart, with the first located at the level of the hair bundles on the surface of the hair cells, the second at the level of the cuticular plate just below the cell surface, and the third just sectioning the nucleus. Sequential images from the three levels show dye loading during and after a 5 sec puff application of 6 M FM1-43 (Fig. 2 A) . Initially, during the dye pulse, strong labeling of the hair bundles is observed as FM1-43 partitions into the membranes of the stereocilia that comprise these structures ( Fig. 2 A, C) . Once local perfusion of the dye stops, the fluorescent signal declines as dye partitions out of the membrane. FM1-43 dye is observed within the cell cytoplasm almost immediately after the pulse onset at the level of the cuticular plate ( Fig. 2 A, C) . After a short delay, FM1-43 fluorescence is observed at the nuclear level ( Fig. 2 A, C) but not within the nucleus itself (Fig. 2 A) .
Initially the dye appears to be distributed relatively diffusely within the cell. However, 30 min after a 10 sec bath application the dye appears to concentrate in punctate structures that stain intensely with dye ( Fig. 2 D) . Similar structures are observed after puff application of FM1-43 (data not shown). The same loading characteristics were seen in both basal and apical-coil cultures and in all cultures in which ZT series were taken (n ϭ 17 in total). In additional cultures that were examined, some of the outer hair cells were positioned such that the confocal optical section sliced the cells obliquely giving a cross section through the apical-basal axis of the cell. The images obtained from such cells provide further confirmation that the dye enters at the cell apex and then spreads to the basal pole (for movie, see http://www.geribolsover.physiol.ucl.ac.uk/pic/ Gale_with_still.html).
Series of timed confocal images taken at a single focal level, 7.5 m below the apical surface of the hair cells, were used to analyze the kinetics of FM1-43 loading in apical and basal-coil cultures. FM1-43 entry into outer hair cells follows a sigmoidal time course in both the basal and apical coils. However, there is a significant difference in the kinetics of loading in basal and apical-coil outer hair cells (Fig. 2 E) . Data from a total of 44 outer hair cells in 13 different culture preparations were fitted with a sigmoidal function from which time to half-maximum values (t 1/2 max ) were obtained. The t 1/2 max for FM1-43 loading in basal-coil outer hair cells is 14.0 Ϯ 1.2 sec (n ϭ 23), significantly different ( p Ͻ 0.0001) from apical-coil outer hair cells in which the mean t 1/2 max is 21.2 Ϯ 0.9 sec (n ϭ 21). The significant difference observed in the rate of dye accumulation in basal-coil and apical-coil hair cells may explain the different amounts of labeling observed in apicaland basal-coil hair cells under bath application conditions. The time course of dye loading in inner hair cells was compared with that in outer hair cells. The t 1/2 max for dye loading in inner hair cells in basal-coil cultures is 24.6 Ϯ 2.0 (n ϭ 6), twice that observed in adjacent outer hair cells. The t 1/2 max for dye loading in inner hair cells in the basal-end of apical coils is 33.6 Ϯ 2.8 sec (n ϭ 6), 58% greater than the value for outer hair cells from the same location.
To test whether larger fluorescent compounds would behave in a manner similar to that of FM1-43, cochlear cultures were puff perfused with a 5 sec pulse of 1 M FITC-conjugated poly-lysine (average molecular weight 20 kDa). Intracellular labeling of hair cells with FITC-conjugated poly-L-lysine was not observed under these conditions.
FM1-43 loading is blocked at low temperature and by elevated external calcium
We investigated the effects of low temperature and elevated extracellular calcium on FM1-43 dye loading. Cochlear cultures were incubated at 4°C for 15 min before a 10 sec bath application of FM1-43 at 4°C and were then washed three times in cold HBHBSS. The cultures were observed and images recorded at room temperature. Relative to controls labeled at room temperature (n ϭ 3 basal coils, 4 apical coils) (Fig. 3A) , there is little or no labeling of FM1-43 observed in inner or outer hair cells exposed to dye at 4°C (n ϭ 4 basal coils, 3 apical coils) (Fig. 3B) . A similar protocol was used at room temperature to test the effects of elevated external calcium. In comparison to control cultures labeled with FM1-43 in normal (1.3 mM) extracellular calcium (n ϭ 7 basal coils, 7 apical coils) (Fig. 3C ), dye labeling of hair cells was completely blocked when FM1-43 was applied in the presence of 10 mM calcium after a 15 min preincubation in HBHBSS containing 10 mM calcium (n ϭ 5 basal coils, 5 apical coils) (Fig. 3D ).
Pretreatment with calcium chelator blocks dye labeling
To determine whether dye labeling is directly dependent on external calcium, cultures were exposed to FM1-43 dye in the presence of 5 mM EGTA. In these experiments the cultures were not preincubated in HBHBSS containing EGTA. EGTA was only present in the dye solution. Relative to control cultures (n ϭ 9 basal coils, 8 apical coils) (Fig. 3E) , the presence of EGTA during the 10 sec bath application step reduces but does not prevent dye loading (n ϭ 6 basal coils, 4 apical coils) (Fig. 3F ) . Although dye application in the presence of EGTA reduces dye labeling but does not abolish it, dye loading in the presence of normal extracellular calcium (1.3 mM) can be blocked, relative to control cultures preincubated in HBHBSS alone (n ϭ 10 basal coils, 9 apical coils) (Fig. 3G) , by pre-exposing cultures to 5 mM EGTA for 15 min (n ϭ 11 basal coils, 10 apical coils) (Fig. 3H ). This effect of pre-exposure to calcium chelators does not reach completion immediately. In two separate cultures, we used local perfusion of dye to measure the effect of calcium chelation during a 45 min period after the 15 min EGTA treatment. When a 5 sec local pulse of the dye is applied at 15 min intervals during a 45 min post-EGTA exposure period in the presence of normal extracellular calcium, a progressive decline is observed in the amount of loading (data not shown). Block is complete by 45 min. Although dye loading is blocked by pretreatment with calcium chelators, it does not abolish the labeling of stereocilia observed during and shortly after puff perfusion of the dye. This transient labeling presumably largely results from the dye partitioning into and out of the outer leaflet of the stereocilia plasma membrane. This observation was exploited to determine whether dye labeling in cultures not exposed to EGTA is observed inside stereocilia before visualization at the apical pole of the cell. Thus we measured dye labeling of the stereocilia in EGTA-treated hair cells and subtracted this signal from the signal measured in the stereocilia of sham-treated controls. The subtracted signal, an indicator of dye loading within the hair bundle, was compared with the dye loading observed 10 m below the stereocilia, just below the level of the cuticular plate. As shown in Figure 3I , the subtracted signal shows an initial increase followed by a decline to a plateau above baseline. The initial increase in the subtracted signal precedes the increase in signal observed in the cell body, indicating that the dye first enters the stereocilia and then subsequently labels the apical pole of the cell.
Recovery of FM1-43 dye entry after block by calcium chelation
To examine whether the block by calcium chelation is reversible, EGTA-treated and HBHBSS-treated control cultures were returned immediately to complete medium and incubated at 37°C for 1, 4, 8, and 24 hr before FM1-43 labeling using the bath application method. After 1 hr in culture after EGTA treatment, the block is close to 100% effective (n ϭ 4 basal coils, 4 apical coils) (Fig. 4 A, B) . However, the blockade of FM1-43 loading is Labeling is blocked when the dye is applied at low temperature. C, D, Cultures preincubated and exposed to dye in the presence of HBHBSS ( C) and preincubated and exposed to dye in the presence of HBHBSS containing 10 mM calcium ( D). Labeling is blocked when the dye is applied in HBHBSS with 10 mM calcium. E, F, Dye loading in normal HBHBSS ( E) and HBHBSS containing 5 mM EGTA ( F). Labeling is slightly reduced when dye is applied in HBHBSS containing EGTA. G, H, Dye loading in cultures preincubated for 15 min in HBHBSS ( G) or HBHBSS containing 5 mM EGTA ( H ) before FM1-43 dye application in the presence of normal extracellular calcium. Labeling is substantially reversible in both basal-coil (n ϭ 11 coils) (Fig. 4C-H ) and apical-coil (n ϭ 13 coils; data not shown) hair cells. Quantitative assessment of the amount of loading was obtained by direct comparison with time-matched controls (Fig. 4 I) . FM1-43 dye loading in apical-coil hair cells recovers to 95% of control levels over 24 hr, whereas loading in basal-coil hair cells recovers to 80%. The time course of dye loading recovery can be fitted by the exponential growth function that has been used to describe the regeneration of tip links in chick hair cells after BAPTA treatment (Zhao et al., 1996) . Dye labeling recovers in mouse hair cells with half times derived from fits to the pooled data of 4.5 and 9.6 hr for apical-and basal-coil hair cells, respectively (Fig. 4 I) .
Myo7a mutant hair cells do not load with FM1-43 unless stimulated mechanically
Hair cells from mice homozygous for the Myo7a 6J mutation transduce, but little or no transducer current is activated at rest (Richardson et al., 1997 (Richardson et al., , 1999 . The relation between bundle displacement and transducer current is shifted to the right so that excitatory stimuli of at least 150 nm are required to open the channels (Fig. 5A) . A similar relation is observed in Myo7a 4626SB mice (data not shown). We tested whether hair cells in cultures prepared from Myo7a mutant mice label with FM1-43 using bath application of the dye. Loading of FM1-43 in heterozygous ϩ/Myo7a 6J hair cells (n ϭ 5 basal coils, 4 apical coils) (Fig. 5 B, C) is normal and indistinguishable from that observed in wild-type CD1 control cultures. However, dye loading in homozygous Myo7a 6J /Myo7a 6J hair cells is completely abolished (n ϭ 5 basal coils, 5 apical coils) (Fig. 5 D, 
E). Homozygous Myo7a
6J mutant hair cells have disorganized hair bundles. These can be visualized during local perfusion of FM1-43, as the dye partitions into the outer leaflet of the plasma membrane (data not shown), but subsequent intracellular labeling of hair cells is not observed.
To see whether dye loading is related to the state of the transducer channels, we stimulated the bundles of individual hair cells of homozygous Myo7a 4626SB mice using a series of large, 2 sec force steps in the presence of 3 M FM1-43. After a 60 sec period of stimulation, equivalent to a total excitatory stimulus time of 16 sec, the stimulated cells were selectively labeled with the dye (n ϭ 6 outer hair cells and 4 inner hair cells) (Fig. 6 A-F ) .
Extracellular FM1-43 blocks transducer currents in mouse hair cells
Interactions of FM1-43 with the mechanotransducer channel were tested by applying the dye while recording transducer currents in response to fluid-jet stimulation (Kros et al., 1992) . Perfusion with FM1-43 reduces the currents in a voltagedependent manner, such that block is less effective at large positive and large negative potentials than at intermediate potentials ( Fig. 7A-F ) . The block by FM1-43 is fully reversible within 10 sec after return to normal extracellular solution. The voltage dependence of the block is clearly noticeable in the currentvoltage curves of Figure 7C . FM1-43 exaggerates the nonlinearity n ) with three unconstrained variables: A, the fraction of dye loading remaining after calcium chelation; B, the increase in dye loading during the time period; and , the time constant, as described by Zhao et al. (1996) . For n ϭ 2, fit parameters for apical-coil and basal-coil cells are as follows: for A, 0.22 and 0.14, for B, 0.74 and 0.76, and for , 4.5 and 9.6 hr, respectively. of the current-voltage curves that is normally observed for transduction in outer hair cells and has been tentatively explained by a voltage-dependent block caused by divalent cations (Kros et al., 1992) . This explanation is consistent with the transducer channel being a nonselective cation channel with a relatively high permeability, but low conductance, for calcium ions (Howard et al., 1988; Ricci and Fettiplace, 1998) . The current-voltage curves in the presence or absence of FM1-43 could be fitted with the same simple single-energy-barrier model (Fig. 7C, see legend) , the main difference being a steeper rectification (i.e., smaller V s ) with FM1-43. This model assumes that one energy barrier is rate limiting (Jack et al., 1983) and is certainly oversimplified, but it has been applied successfully to the calcium block of cGMPgated channels (Haynes and Yau, 1985) . The barrier can be thought of as being associated with one of the binding sites for divalent cations that block permeation of monovalent cations. The fractional distance ␥ of the energy barrier within the electrical field of the membrane (measured from the outside) was 0.51 Ϯ 0.01 (n ϭ 13) in the presence of 1.3 mM external calcium. Superfusion of FM1-43 at concentrations between 0.3 and 20 M did not significantly change the value of ␥ (one-way ANOVA). For example, in 3 M FM1-43, ␥ was 0.51 Ϯ 0.02 (n ϭ 7). Dose-response curves for the effect of FM1-43 (Fig. 7D) are thus voltage dependent. The K d at ϩ96 mV (3.0 M) is 2.5ϫ larger than at Ϫ4 mV, at which potential the drug is most effective (K d ϭ 1.2 M). Hill coefficients ranged from 1.2 to 2.3, suggesting at least two binding sites for FM1-43. The Hill coefficient varied significantly ( p Ͻ 0.0001, one-way ANOVA) with voltage ( Fig.  7D) , being lowest at extreme potentials. Relief from block is larger at extreme positive than at extreme negative potentials (Fig. 7 D, E) . The relief from block at both extreme negative and extreme positive potentials, resulting in a bell-shaped dependence of fractional block on potential, is commonly seen as a hallmark of a permeant ionic pore block (Lu and Ding, 1999) . For an impermeant cationic pore blocker applied from the extracellular side, one would expect the block to increase monotonically with hyperpolarization as the cation gets more firmly stuck inside the pore. A permeant blocker, on the other hand, would be dislodged from its binding site and forced through the pore toward the cytoplasm at sufficiently hyperpolarized potentials.
The block by FM1-43 is strongly dependent on extracellular calcium, being most effective at low calcium concentrations (Fig.  7F ) . At 10 mM extracellular calcium, 3 M FM1-43 has little or no effect on mechanotransduction. Another notable feature of the block is that, at negative potentials, the resting transducer cur- rent, i.e., the current in the absence of a stimulus, is hardly reduced and can even be increased (Fig. 7 A, B) . This may reflect a decreased influx of calcium ions at rest, which leads to an increase in open probability of the channel (Assad et al., 1989; Crawford et al., 1989) . All of these findings are consistent with FM1-43 and calcium ions competing for the same binding sites in the channel pore.
Extracellular application of the larger FM1-43 analog, FM3-25, did not affect transducer currents at concentrations up to 30 M over the range of potentials (between Ϫ104 and ϩ96 mV) tested. When the preparations were observed under fluorescence after 2.5 hr of experimentation with 30 M FM3-25, dye loading into the hair cells was not seen. Under similar conditions, FM1-43 loading was observed in all hair cells.
Kinetics of transducer current block
We applied experimental protocols designed to test whether the drug can bind to the closed channel or whether the channel has to open first before block can occur. In the latter case, provided the binding kinetics is sufficiently slow to be detectable, transducer current may flow transiently when the open probability of the channel is suddenly increased from near to zero by an excitatory mechanical step, as observed previously for transducer currents in the presence of amiloride and analogs (Rüsch et al., 1994) . This may also give rise to the phenomenon of use-dependent block, where repeated opening and closing of the channels leads to a progressive increase of the block and reduction of the current (Courtney, 1975) . Neither of these phenomena is observed for the block by 3 M FM1-43 (Fig. 8 A, B) . Instead, transducer currents at negative potentials develop more slowly in the presence of FM1-43 than those in controls (Fig. 8 B-D) . Fitted time constants were voltage dependent, speeding up with hyperpolarization (Fig.  8C) . The most likely explanation for this is that it represents competition between FM1-43 and other cations for binding sites inside the channel pore, whereby the influx of cations after an excitatory step reduces the block with a time constant that speeds up with increasing kinetic energy of the cations. There is no obvious slowing of the kinetics during inhibitory steps (Fig.  8 B, D) , which suggests that the channels can close with the drug bound or that the unbinding kinetics is faster than normal channel closure. The lack of evidence for open-channel block or use dependence of the block suggests that FM1-43 can be bound to either the open or the closed channel. Alternatively FM1-43 may bind only to the open state, but in that case the kinetics is faster than the mechanical step.
The kinetics of the onset and release of block by 3 M FM1-43 was also examined by applying voltage jumps during an excitatory mechanical step (Fig. 8 E, F ) , taking advantage of the voltage dependence of the block and the more rapid time constants of the voltage steps (ϳ30 sec) compared with the mechanical steps (140 sec). For the cell shown in Figure 8 E, a voltage jump from Ϫ44 to Ϫ104 mV causes a reduction of the block with a time constant of 2.7 msec. Jumping the voltage back to Ϫ44 mV increases the block (Fig. 8 E) , but the time course of drug binding to the jet (25 V amplitude) is shown above the currents. The membrane potential was stepped between Ϫ104 and ϩ96 mV in 20 mV increments from a holding potential of Ϫ84 mV. For clarity, only responses to every other voltage step are shown. All records are single traces and are offset so that the zero-transducer current levels (responses to inhibitory stimuli) are equally spaced. B, Superfusion with 6 M FM1-43 rapidly reduced the transducer currents. Note that more current is shut off in response to the inhibitory phase of the sinusoid at Ϫ104 mV, pointing to an increase in the resting transducer current caused by the dye at this potential. C, Current-voltage curves for the peak-to-peak transducer currents recorded for the cell in A and B. The fits through the data are according to a simple single-energy-barrier model:
, where k is a proportionality constant, V r is the reversal potential, V s is a measure for the steepness of the rectification, and ␥ is the fractional distance within the membrane's electrical field of an energy barrier, as measured from the outside. (F) k ϭ 112 pA, V r ϭ 8.6 mV, V s ϭ 27 mV, and ␥ ϭ 0.52; (E) k ϭ 4 pA, V r ϭ Ϫ7.0 mV, V s ϭ 13 mV, and ␥ ϭ 0.54. C m , 5.8 pF; R s , 4.2 M⍀; 24°C. D, Doseresponse curves for block of transducer currents by FM1-43 at three different membrane potentials (top panel ). The data were fitted with a logistic curve:
n H ), where I is the current in the presence of the dye, I C is the control current,
significantly as a function of voltage ( p Ͻ 0.0001, ANOVA). E, Voltage dependence of the block of FM1-43 in the presence of 1.3 mM extracellular calcium. The ordinate represents fractional block, from 0 (no block) to 1 (complete block). For D, E: 0.3, 1, and 2 M, n ϭ 3; 3 M, n ϭ 8; 6 M, n ϭ 4; 10 M, n ϭ 2; 20 M, n ϭ 1. F, Calcium sensitivity of block of the transducer currents by 3 M FM1-43. For 0.1 mM Ca 2ϩ , n ϭ 3; 1.3 mM, n ϭ 8; 5 mM, n ϭ 5; 10 mM, n ϭ 2.
is still too fast to be resolved, indicating that the block develops with a time constant faster than that of the voltage clamp. In six cells, the time constant for the release of the block on jumping from Ϫ44 to Ϫ104 mV was 3.0 Ϯ 0.3 msec. Voltage jumps from Ϫ44 to ϩ96 mV (Fig. 8 F) were studied in two cells. Release of the block at ϩ96 mV proceeded more slowly than at Ϫ104 mV, with the time constants for the two cells being 13.8 and 12.6 msec.
Effects of intracellularly applied FM1-43
FM1-43 was included in the patch pipette to assess its effect on transducer currents when applied from the intracellular side. Transducer currents were recorded as for the experiments in which the drug was applied extracellularly. Concentrations of 6 and 20 M, which block ϳ75 and 95%, respectively, of the transducer current at Ϫ84 mV when applied from the outside, were tested first. No appreciable changes in size of the transducer currents occurred during recordings that lasted up to 5 min after establishing the whole-cell configuration (Fig. 9A) . Mean maximum transducer currents at Ϫ84 mV were Ϫ514 Ϯ 27 pA (n ϭ 4 cells) and Ϫ625 Ϯ 22 pA (n ϭ 5 cells) with 6 and 20 M intracellular FM1-43, respectively. These means are not significantly different (ANOVA) from those in controls with normal intracellular solution (Ϫ578 Ϯ 26 pA; n ϭ 15 cells). In two cells with 50 M FM1-43 in the patch pipette, currents after 1-2 min were Ϫ381 and Ϫ593 pA, respectively, at Ϫ84 mV. Higher concentrations (100 -200 M) proved incompatible with maintaining whole-cell recordings for more than a few seconds. Estimating an 4 in another outer hair cell (P7). Holding potential, Ϫ44 mV, jump to ϩ96 mV. Solid line ϭ control, 4 repetitions; dotted line ϭ FM1-43, 10 repetitions. Fit time constant, 13.8 msec. C m , 6.1 pF; R s , 4.6 M⍀; 24°C. In E and F, electrical stimuli and combinations of mechanical and electrical stimuli were alternated. Responses to electrical stimuli alone were subtracted from combinations of both stimuli to eliminate linear leak and voltagedependent currents. Figure 8 . Kinetics of mechanotransduction block by 3 M FM1-43. A, Transducer currents in a P7 outer hair cell in response to a series of saturating excitatory and inhibitory steps of 11 msec duration. Driver voltage (Ϯ25 V) shown above the traces. The membrane potential was stepped between Ϫ104 and ϩ96 mV in 20 mV increments from a holding potential of Ϫ84 mV. For clarity, only every other trace is shown. Current recordings are averages of three stimulus presentations and are offset so that zero-transducer current levels are equally spaced. B, Currents in the same cell in the presence of FM1-43, averaged from seven stimuli. Driver voltage Ϯ25 V. C, Single-exponential fits to responses to excitatory steps between Ϫ24 and Ϫ104 mV. Same experiment as in B, but all recorded voltage levels are shown. Responses to the four repetitions of the excitatory steps were superimposed and averaged. Time constants of the fits at the different potentials are as follows: Ϫ24 mV, 1.31 msec; Ϫ44 mV, 1.11 msec; Ϫ64 mV, 0.88 msec; Ϫ84 mV, 0.66 msec; Ϫ104 mV, 0.51 msec. C m , 6.7 pF; R s , 5.3 M⍀; 25°C. In A-C, mechanical steps were filtered at 0.5 kHz. D, Transducer currents in another outer hair cell (P7) in response to saturating excitatory and inhibitory mechanical stimuli (Ϯ25 V driver voltage), shown above. Holding potential, Ϫ84 mV. Currents (averaged from 5 repetitions) before (solid trace) and during (dotted trace) superfusion of FM1-43 were scaled and superimposed. Note that FM1-43 slows the kinetics on the excitatory step (time constant 1.1 msec) but has no noticeable effect on the kinetics after the inhibitory step. Maximum transducer current was Ϫ566 pA before and Ϫ240 pA during FM1-43 application. C m , 5.2 pF; R s , 7.1 M⍀; 24°C. E, Voltage jump experiment in a P7 outer hair cell, before (solid trace, 10 averages) and during (dotted trace, 8 averages) FM1-43 superfusion. The stimulus protocol is shown above. Holding potential, Ϫ44 mV, jump to Ϫ104 mV. Time constant of fit, 2.7 msec. C m , 6.7 pF; R s , 5.3 M⍀; 25°C. F, Voltage-jump experiment aqueous diffusion coefficient for FM1-43 of ϳ5 ϫ 10 Ϫ 6 cm 2 /sec (Weiss, 1996) , we expect the unbound dye to equilibrate with the cytoplasm with a time constant of ϳ7 sec (Oliva et al., 1988) . Homozygous Myo7a 4626SB hair cells were used to confirm that dye does reach the stereocilia when applied via the patch pipette at the base of the cell because it was known that these cells would not load with any dye that might inadvertently leak from the patch pipette before making a seal with the cell. When FM1-43 is loaded through the patch pipette, stereocilia labeling is observed within 1 min of whole-cell recording (Fig. 9B) . These results indicate that FM1-43 in concentrations up to 50 M does not block transducer currents when applied intracellularly and may point to differences in the electrical charge distribution around, or the topology of, the intracellular and extracellular sides of the channel.
Aminoglycoside-induced damage is reduced by calcium chelation and the presence of FM1-43
Two experiments were performed to test whether aminoglycoside antibiotics and FM1-43 share the same entry pathway in hair cells. First we assessed whether a 10 min pretreatment step with 5 mM BAPTA would reduce the effects of exposure to 1 mM neomycin. Second we tested whether preincubation in 3 or 30 M FM1-43 dye followed by treatment with 1 mM neomcyin in the continued presence of FM1-43 dye could block the ototoxic effect of neomycin. Numerous blebs form at the surface of the outer hair cells as a result of exposure to 1 mM neomycin for 1 hr at room temperature (n ϭ 7 basal coils, 5 apical coils) (Fig. 10 A) . In contrast, outer hair cells are protected from aminoglycoside damage in cultures in which the calcium has been chelated for 10 min before aminoglycoside exposure (n ϭ 6 basal coils, 6 apical coils) (Fig. 10 B) . Protection from aminoglycoside damage by pretreatment with BAPTA is almost complete (i.e., as in Fig. 10 B) for cells in the basal end of apical-coil cultures. BAPTA pretreatment does not protect all hair cells in the basal-coil cultures. A comparison of control cultures (n ϭ 7 basal coils, 7 apical coils) (Fig. 10C ) and cultures exposed to FM1-43 at a concentration of 30 M (n ϭ 7 basal coils, 7 apical coils) (Fig. 10 D) or 3 M (n ϭ 4 basal coils, 4 apical coils) (data not shown) indicates that continued exposure to FM1-43 (70 min) causes some membrane blebbing at the apex of basal-coil outer hair cells. However, this effect is mild relative to the effects of 1 mM neomycin (n ϭ 7 basal coils, 7 apical coils) (Fig. 10 E) . A comparison of the surface morphology observed when 1 mM neomycin is applied in the presence of 30 M FM1-43 (n ϭ 7 basal coils, 7 apical coils) (Fig.  10 F) indicates that the effects of FM1-43 and neomycin are clearly not additive and that FM1-43 dye provides a significant attenuation of neomycin-induced hair-cell surface damage. With outer hair cells in the basal ends of apical-coil cultures prepared from 1 d postnatal mice, 30 M FM1-43 had no effect on the surface morphology and also provided virtually complete protection from the effects of 1 mM neomycin. A slight reduction in the severity of the neomycin effect was also noted in the presence of 3 M FM1-43. 
DISCUSSION
Real-time confocal microscopy provides firm evidence for a rapid, apically located entry mechanism for FM1-43 in mouse cochlear hair cells. A considerable number of coated pits are associated with the apical membrane of the hair cell (Forge and Richardson, 1993; Hasson et al., 1997; Kachar et al., 1997; Richardson et al., 1997; Seiler and Nicolson, 1999) , although not with the plasma membrane ensheathing the actin cores of the stereocilia. The time course for receptor-mediated endocytosis via clathrin-coated pits is in the order of minutes, not seconds (for review, see Henkel and Almers, 1996) . Thus the speed of FM1-43 dye entry measured in this study argues against uptake via a classical, clathrincoated pit, endocytotic mechanism at the apical surface of the hair cell. Furthermore, after subtraction of the transient signal that is assumed to result from dye partitioning into and out of the outer leaflet of the stereocilial membrane, dye is observed in the stereocilia just before it is seen in the apical pole of the hair cell. This indicates that the dye first enters the cell from the stereocilia. Although rapid endocytotic mechanisms with time constants in the order of seconds or less have been described for neuronal (Klingauf et al., 1998) and secretory (Smith and Neher, 1997) cells, these are usually closely coupled to exocytosis or a stimulus that raises intracellular free calcium (Thomas et al., 1994; Artalejo et al., 1995; Henkel and Almers, 1996) . Calcium influx via the transducer channel could provide such an increase in intracellular free calcium, but the block of FM1-43 labeling observed with high extracellular calcium is not consistent with this hypothesis.
A number of lines of evidence suggest that FM1-43 dye enters into mouse cochlear hair cells directly via the transduction channel. First, the dye blocks the mechanotransducer channel from the extracellular side. FM1-43 is one of the most effective blockers known of the mechanotransducer channel, with the voltagedependent K d varying between 1 and 3 M in the presence of 1.3 mM extracellular calcium. The sigmoidal voltage dependence of the FM1-43 block is remarkably similar to the permeant block by calcium ions described for other nonselective cation channels such as the cyclic nucleotide-gated channels of cone photoreceptors and olfactory sensory neurons (Frings et al., 1995; Haynes, 1995; Dzeja et al., 1999) and indeed the transducer channel itself (Kros et al., 1992) . Such behavior is also found for voltage-gated L-type calcium channels, which can be considered as nonselective cation channels with an extremely high permeability for calcium ions (Tsien et al., 1987) . Block by FM1-43 also resembles the permeant block by polyamines of glutamate receptors (Koh et al., 1995; Bähring et al., 1997) and cyclic nucleotide-gated channels from retinal rods (Lu and Ding, 1999) . Like FM1-43, polyamines are elongated organic cations. The voltage dependence of the Hill coefficient for FM1-43 block may be caused by ionic interactions in the pore. The minimum of two binding sites for calcium and FM1-43 suggested by the range of Hill coefficients of FM1-43 binding is consistent with a popular model used for describing permeation in L-type calcium channels (Tsien et al., 1987) and also with a more recent model that successfully describes calcium permeation with three binding sites: one high-affinity site flanked by two low-affinity sites (Dang and McCleskey, 1998) . Competition between FM1-43 and calcium for calcium-binding sites within the channel would explain why elevated extracellular calcium blocks FM1-43 dye entry. Our observations on the kinetics of block by FM1-43, in response to either mechanical or voltage steps, provide no evidence for an open-channel blocking mechanism such as that described previously for block of the mechanotransducer channel by pyrazinecarboxamides (Rüsch et al., 1994 ). This does not exclude the possibility that the drug can only bind to the open channel, but in that case the kinetics of binding and release must be faster than that of the step stimuli used (ϳ30 sec for the voltage steps). The slow release of the block, which occurs on a millisecond time scale both on opening more channels mechanically or by stepping the voltage to a potential at which block is less effective, suggests competition between FM1-43 and permeant cations for the binding site. This competition is, as would be expected, voltage dependent with time constants speeding up at extreme potentials and occurs at both positive and negative potentials, providing further evidence for FM1-43 being a permeant blocker.
A second argument for dye entry via the channel is that loading is blocked by pretreating cells with calcium chelators, a condition known to break tip links and prevent channel gating. The block of dye loading observed after calcium chelation takes time to develop completely, indicating that a few of the transducer channels may initially remain open after tip-link breakage, as has been suggested for mature guinea-pig outer hair cells by Meyer et al. (1998) . Dye loading is not just blocked by calcium chelation; it also recovers after calcium chelation with a time course similar to that reported for tip-link regeneration in chick hair cells after BAPTA treatment (Zhao et al., 1996) . Third, the difference in dye accumulation observed in adjacent inner and outer hair cells (threefold greater in outer hair cells) for a nonsaturating application step (10 sec) correlates fairly well with the ratio of the maximum transduction current that can be elicited from the two cell types. The currents recorded in outer hair cells in cultures of the early postnatal mouse cochlea are more than twice as large as those recorded in inner hair cells (Kros et al., 1992; Kros, 1996) . Differences in the percentage of total channels open at rest in the two cell types may account for why the correlation is not perfect. Fourth, hair cells in Myo7a mutant cultures, which can transduce but are known to have all channels closed at rest (Richardson et al., 1997 (Richardson et al., , 1999 , do not label with FM1-43. Fifth, and finally, hair cells in Myo7a mutant cultures will load with dye if their hair bundles are stimulated by an excitatory stimulus that is sufficiently large to open the channels that are normally closed at rest in these mutant hair cells. These independent observations provide strong evidence that FM1-43 is entering hair cells directly via the transducer channel. Estimates of the molecular dimensions of FM1-43 (J. Seddon, personal communication) suggest that it would be capable of passing through the channel pore. Although the molecular weight of the FM1-43 cation (451) is greater than that of compounds that are known to pass through the channel (e.g., tetraethylammonium ion, MW 130), it is an elongated linear molecule and it is the diameter of the ethyl and butyl end groups (ϳ0.78 ϫ 0.5 nm), as determined when the molecule is viewed down its narrowest axis, which will limit its ability to pass through the channel. The ethyl and butyl end groups of FM1-43 should pass through a similar size pore, and the triethylammonium end group of FM1-43 is similar in size to the tetraethylammonium ion (0.7 nm) (Howard et al., 1988) , an organic cation that is known to pass through the transducer channel with a permeability of 0.17 relative to that of Cs ϩ (Ohmori, 1985) . The ineffectiveness of the FM3-25 cation (MW 843) as a blocker is likely to be attributable to conformational disorder in the two long octadecyl chains, which will tend to give them a larger cross-sectional area than the butyl chains of FM1-43 (J. Seddon, personal communication).
The temperature dependence of FM1-43 labeling may suggest that the dye is not simply diffusing through the channel. However, the set point or open probability of the transducer channel of the hair cell is thought to be maintained by a myosin motor that maintains sufficient tension in the channel/tip-link complex via an active interaction with the actin core of the stereocilium . The temperature dependence of the open probability of the transducer channel is not yet known, but it is possible that the myosin ATPase that is responsible for maintaining the set point is temperature sensitive and that most channels are closed at low temperature in mammalian hair cells.
There are a striking number of similarities between the characteristics of FM1-43 dye loading and the mechanisms of aminoglycoside accumulation or toxicity in mouse cochlear cultures. The accumulation of [ 3 H]-gentamicin in cochlear hair cells and the morphological effects of neomycin are considerably reduced at low temperature (4°C) and absent in Myo7a mutants (Richardson et al., 1997) . The morphological effects of neomycin also manifest themselves rapidly. They can be blocked by elevated extracellular calcium (Richardson and Russell, 1991) and, as shown in this study, can be prevented by pretreatment with calcium chelators. Furthermore, a gradient of sensitivity to neomycin from base to apex of the cochlea, similar to that observed for FM1-43 dye loading, is also seen in cochlear cultures (Richardson and Russell, 1991) . Finally, FM1-43 is able to reduce the ototoxic effect of neomycin, indicating that the two compounds compete for the same entry mechanism. These observations, combined with the evidence presented above, suggest that FM1-43 and aminoglycoside antibiotics may both enter hair cells via the transducer channel. The latter possibility has been suggested previously (Kroese et al., 1989) . The finding that FM1-43 does not block the channel from the interior of the cell at concentrations where it blocks strongly from the extracellular side reveals that it passes preferentially in one direction. If the same holds for the aminoglycoside antibiotics, it would explain why both FM1-43 and aminoglycosides accumulate in hair cells and do not unload after exposure. The known differential sensitivity of various hair-cell types to aminoglycoside antibiotics may also be explained by differences in channel open probability at rest. Basal-coil outer hair cells in the mammalian cochlea are among the most sensitive to aminoglycoside damage (Hawkins, 1976) , and there is evidence that in vivo they maintain their hair bundles biased with 50%, as opposed to the more usual 5-10%, of their transducer channels open at rest (Russell and Kössl, 1992) .
In conclusion, the results of this study provide strong evidence that FM1-43 enters the apical pole of sensory hair cells in the mammalian cochlea via the mechanotransducer channel and suggest that the ototoxic aminoglycoside antibiotics may share the same entry pathway.
